Materials adopting the diamond structure possess useful properties in atomic and colloidal systems, and are a popular target for synthesis in colloids where a photonic band gap is possible. The desirable photonic properties of the diamond structure pose an interesting opportunity for reconfigurable matter: can we create a colloidal crystal able to switch reversibly to and from the diamond structure? Drawing inspiration from highpressure transitions of diamond-forming atomic systems, we design a system of polyhedrally-shaped particles that transitions from diamond to a tetragonal diamond derivative upon a small pressure change. The transition can alternatively be triggered by changing the shape of the particle in-situ. We propose that the transition provides a reversible reconfiguration process for a potential new colloidal material, and draw parallels between this transition and phase behavior of the atomic transitions from which we take inspiration.
In the century since it was first characterized in 1913 by W. H. and W. L. Bragg, the diamond structure has been a popular focus of materials research [1] . Diamond-type materials, including the diatomic equivalent, zincblende, exhibit extraordinary properties, such as high hardness, high thermal conductivity, and a high refractive index at room temperature. Also known for its optical properties, diamond was the first structure calculated to have a photonic band gap [2] , meaning it will reflect all electromagnetic waves for a defined range of wavelengths.
The unique properties of diamond-structured materials provide an interesting target for reconfigurable materials: a material designed to switch to and from a diamond-like structure with its concomitant properties. There is precedent for reconfigurable diamond-structured materials in elemental structures: Si, Ge, and Sn each form the diamond structure at ambient pressure and transition to a tetragonal metallic phase, β-Sn, at higher pressures. However, these transitions are not reversible; both Si and Ge revert to metastable phases upon depressurization and cannot recover diamond [3, 4] . Despite significant study into the underlying physics of these pressure-induced transitions [5] [6] [7] [8] [9] , few direct observations have been published on the transition mechanism, often only reporting conditions where this transition is absent, such as in zero temperature calculations [6, 7, 9, 10] . Why do diamond-type materials transition to the β-Sn structure under isotropic compression? Can an analogous structural transition be observed in diamond-forming colloidal crystals [11] [12] [13] [14] [15] [16] , where particles on the scale of nanometers to microns play the role of atoms? And if so, is a reversible transformation possible for colloidal crystals, or do metastable structures intercede?
Here we report a reversible phase transition for a simulated system of hard, convex particles with tetrahedral symmetry ordering via entropy maximization into a diamond structure. The transition is driven by pressure, and leads from the well-known cubic diamond structure to a tetragonal diamond derivative (TDD) distinct from the aforementioned β-Sn.The transition provides a reversible reconfiguration process for a potential new photonic colloidal material that can be switched among as many as four possible states, each of which permits a different frequency range of light in the infrared or visible regimes. Additionally, by noting that all three phases -cubic diamond, TDD, and β-Sn -are related through scaling along a major axis, we gain insight into the mechanism driving high-pressure transitions between diamond and β-Sn in atomic systems. We simulated a family of convex shapes with tetrahedral symmetry (here denoted ∆ 323 ) [17] using the Digital Alchemy (DA) framework [18] . In DA, a design parameter is introduced as a thermodynamic state variable, which defines an extended alchemical ensemble in which either the design parameter, the alchemical variable, or its conjugate, the alchemical potential can fluctuate while the other remains fixed.
The ∆ 323 family is constructed through the intersection of planes arranged tetrahedrally around the particle center, parametrized by α 3 , which can be viewed as the truncation along a set of three-fold axes, in the following called α for brevity. The shape family is shown in Fig. 1 ; all shapes are scaled to unit volume. Shapes with α = 0.3-0.5 have been shown to assemble into diamond at densities φ = 0.5-0.6 [13] . At higher densities, we observe a transition to a tetragonal diamond derivative (TDD) structure. These two crystal structures, diamond and TDD, differ in two major respects: the aspect ratio of the unit cell and the particle orientations. The TDD structure is defined by lat- ). For ease of comparison, tetragonal unit cells will be expressed in a nonstandard face-centered setting tF 8, such that all unit cells can be described in terms of c/a for a face-centered unit cell (containing 8 particles), where c/a = 1 for the face-centered cubic unit cell of diamond (cF 8-C). Shapes from the ∆ 323 family densely pack into TDD with c/a = √ 0.4 ≈ 0.6325 (which is also c/a min for ∆ 323 ) and α = 0.5.
The β-Sn structure (referred to by its Pearson symbol tI4-Sn) can be defined as a TDD structure at c/a ≈ 0.3859 (given a tF 8 unit cell). tI4-Sn and TDD structures in ∆ 323 both have space group I4 1 /amd and Wyckoff position 4c 0, 0, 0, albeit at different ratios of c/a. TDD structures with c/a ≥ √ 0.4 have tetrahedral coordination (coordination number 4), whereas tI4-Sn has two additional particles adjacent to the first neighbor shell, resulting in an octahedral coordination (coordination number 6). Other TDD phases have been found in studies of atomic structures although with aspect ratios near that of tI4-Sn or high-pressure tI4-Cs, which has c/a > 1 [6, 7] .
Snapshots of the two structures observed in our simulations are shown in Fig. 2 We report phase diagrams comparing the c/a ratio of the tF 8 unit cell for varying densities and shape parameter α. These phase diagrams reveal that, although all shapes with 0.3 ≤ α ≤ 0.5 assemble into diamond, they will transition to tetragonal unit cells at higher densities. The N V T α simulations generating this phase diagram and N P T α simulations for computing the equation of state were conducted by initializing both in the assembled and densely packed structures and equilibrating at the desired density or pressure.
In Fig. 3 (a), the contour lines map the c/a value of the unit cell of the equilibrium structure for systems of constant shape at varying densities. The shades of red represent the c/a ratio of the unit cell lattice vectors, with the lighter red region showing where cubic diamond is the configuration with the lowest free energy (c/a = 1), and darker reds indicating TDD structures, where c/a < 1 is lower in free energy. The region marked as geometrically forbidden (grey) shows the densities and α values at which particles would be forced to overlap.
In this study, shape and structure are intrinsically intertwined due to the shape-dependency of the transition from cubic diamond to its tetragonal derivative. Using Alchemical hard particle Monte Carlo (Alch-HPMC) (described in [19] and in the Supplementary Information) with constant alchemical potential µ = 0, we can find the shape that produces the lowest free energy structure at a given density or pressure, and determine where the crossover from the diamond to the TDD stability region occurs ( α shown in black on Fig. 3(a) ). At low densities, the lowest free energy phase is diamond, but at densities 0.75 (or equivalently at unitless pressures p * ≥ 10-15) a TDD structure will have lower free energy in this shape space. Decompression of this high-density system showed full recovery of the diamond structure. We investigated the nature of the phase transition and behavior of potentials of mean force and torque (PMFTs) for the phase transition corresponding to the largest change in c/a, at α = 0.50, in Fig. 3(b, c) . In Fig. 3(b) , the main plot represents the average for both initializations, with an inset representing the average and standard deviations around the transition pressure. The transition exhibits a small discontinuity in βP (φ) and no hysteresis, which implies that it is either a weak first-order or a second-order transition [20] . PMFTs, the calculation of which is detailed in [21] , provide a statistical landscape for entropic particle bonding-i.e. they show the probable locations for the neighboring particles of a given reference particle in units of free energy. PMFTs show that after the transition occurs, the bonding remains four-fold, with the coordination being that of a distorted tetrahedron.
Diamond exhibits a complete photonic band gap when the lattice sites are populated with dielectric spheres [2] ; thus the transition from diamond to any form of TDD would result in a shift in the photonic properties due to the symmetry reduction. We computed the photonic band structure using MIT Photonic Bands (MPB) [22] , replacing each polyhedron with its insphere, since the calculation of photonic band structures for polyhedral particles is not yet available. Although calculated using spherical geometry, these results are still pertinent for colloidal systems, as there exist synthesis techniques capable of creating polyhedral particles with spherical cores, either as core-shell colloids [23] or with polyhedral particle cages with low dielectric constant encasing a high dielectric constant sphere (e.g. [24] ).
We report the photonic band frequencies in units of (speed of light)/a, where a is the lattice constant. Each complete photonic band gap is reported in unitless dimensions, defined as the width of the band gap over the mid-gap frequency, ω * . The conversion from ω * to absolute wavelength is:
While we anticipated a change in photonic properties from an "on" to "off" state upon converting the diamond structure to TDD, we were surprised to find that the results are more consistent with a multistate material with one of four possibilities with regards to a complete photonic band gap: i) no gap, ii) a complete gap between bands 8 and 9, iii) a complete gap between bands 2 and 3, and (iv) complete gaps between both bands 2 and 3 and 8 and 9. Examples of (ii) and (iii) are shown in Fig. 4(b) and (c), respectively. These findings suggest how to make a material that could switch between permitting all light and blocking one set of frequencies or another.
Replacing each polyhedron with an insphere of dielectric constant = 11.56 (that of silicon), we calculated the photonic band structure for the structures found in simulation for φ = 0.6-0.975 (where φ is the density of the polyhedra) and α = 0.3-0.5. The maximum band gap width was 9.2% and all bands were centered around mid-gap frequencies of approximately 0.260-0.298 (between bands 2 and 3) or 0.384-0.459 (between bands 8 and 9). Unitless band gap widths are shown for ∆ 323 as a function of density in Fig. 4(a) .
In addition to computing the photonic band structure for the dielectric constant of silicon, we also computed the photonic band gap widths for lower dielectric constants, included in the Supplementary Information. From these, we learn that complete photonic band gaps between bands 2 and 3 are possible with a minimum dielectric constant of 5.0, and between 8 and 9 with a minimum dielectric constant of 8.0. These values suggest that this type of photonic band structure would not be possible with crystals made of polymeric materials (which generally have < 4.0), but would require materials of higher dielectric constant, such as silicon or germanium.
The phase transition we report at the colloidal length scale may also reveal insights about the atomic transition on which it is based. Although other TDD structures have not been observed as an intermediary between atomic diamond and β- Sn phases, such a consideration could provide new perspective into the mechanism underlying the phase transition. In our simulations, all effects other than shape entropy are excluded [21] , and we restrict the particle geometry to symmetric truncations of tetrahedra, i.e., the ∆ 323 shape family. Thus we prove that entropy alone suffices to explain the transition in colloidal systems from diamond to a lower c/a tetragonal derivative. This correlation strengthens a supposition made by G. J. Ackland, who proposed that it was plausible that entropy is the driving force for diamond-to-β-Sn transitions, based on the absence of such a transition at 0 K [3] .
Our colloidal system differs from atomic systems in several respects. At the higher c/a ratio (≈ 0.63 vs. ≈ 0.39), the coordination remains four-fold, while the neighboring particles form a distorted tetrahedron (as compared to a regular tetrahedron in perfect diamond). This retention of four-fold coordination may explain the reversibility in our system, compared to the irreversibility in atomic systems, which transition to octahedral coordination.
The same cannot be said for systems adopting the diatomic analog to diamond, zincblende, as these systems do not adopt a β-Sn-equivalent structure upon pressurization: the transition geometry would result in the nearing of like-charged, mutually repulsive atoms [9] . Most III-V semiconducting zincblende-formers transition to wurtzite, a hexagonal diamond derivative under pressure. While β-Sn is topologically identical to diamond, wurtzite is to cubic diamond as cubicclose sphere packing is to its hexagonally-close packed relative: the local coordination is identical, but its network is topologically distinct, which would require a breaking of bonds and rearrangement of the constituent atoms in the transition.
We have predicted a new phase transition achievable in colloidal systems, induced by a slight change in pressure or in particle shape. This structural transition provides the exciting prospect of making photonic materials switchable between multiple photonic band gap states, either between two different gaps, or between "on"/"off" states. Given the placement of the two possible gaps, complete photonic band gaps would be achievable in colloidal crystals in visible or infrared wavelengths, and could potentially toggle between two colors or separate regimes in the electromagnetic spectrum. For example, using dielectric spheres with = 11.56 (silicon) that inscribe truncated tetrahedra with α = 0.5 (see Fig. 4 ) and a lattice constant of a = 184 nm, a three-state material can be assembled with a violet (400 nm) band gap at low densities, no band gap at intermediate densities, and a red (670 nm) band gap at high densities. If a larger lattice constant of a = 8.2 µm is used, which is achievable for colloidal systems, the lower band gap occurs at 30 µm, or about 10 THz, suitable for sub-millimeter photonic applications. If a is a tunable design parameter, this system can exhibit bands gaps at target wavelengths whose ratios are approximately 1.67. The colloidal crystal structures examined should be obtainable through other means, such as DNA-programmable assembly. The lengths and bonding strength of DNA needed to achieve each structure may be gleaned by examination of the PMFTs [24, 25] . In practice, it would be important to remove thermal disorder from the colloidal crystals before and after the transition, e.g. by quenching, as disorder is known to destroy photonic band gaps.
We conduct our study in the alchemical thermodynamic ensemble, implemented through the Digital Alchemy framework [18] . This ensemble is an extension of the canonical ensemble that treats particle shape, parametrized by a set of values α i , as a thermodynamic state variable. Each α i parameter has an associated conjugate alchemical potential µ i . The N V T µ ensemble, in which each α i is allowed to fluctuate, is defined with the partition function
Here, σ denotes a sum over all microstates σ and shape parameter values α i . The variables α i and µ i are related to derivatives of F , the thermodynamic potential for the ensemble:
and
where
For all simulations, we used the hard-particle Monte Carlo sampling method of the HOOMD-blue simulation toolkit [26, 27] . We conducted alchemical hard particle Monte Carlo (Alch-HPMC) simulations within the N V T α, N P T α, and N V T µ ensembles. Further details on Alch-HPMC can be found in Refs. [18, 19] . All simulations were run so that each particle's shape is specified by one α and every particle in the system changes identically and simultaneously as α changes.
Simulations in N V T α
In the N V T α ensemble, we simulated systems of 1728 particles with unit volume, with state points from α ∈ [0.3, 0.5] with ∆α = 0.01 initialized in the diamond structure at φ = 0.55, the known assembly structure for these shapes [13] . These simulations were then incrementally compressed to a target density of φ = 0.55-0.95 with ∆φ = 0.05, allowing for the box aspect ratio to change as a separate MC move while maintaining constant box volume. For regions of interest, additional state points were run at ∆φ = 0.025. The box aspect ratio search radius was set to 0.01 per sweep. Simulations were then run for 1.1 × 10 7 -2.4 × 10 7 MC sweeps, until equilibrated. A minimum of four replicas were run for each state point.
Similar simulations were run by initializing at the densest packing of the shape family in both diamond and its tetragonal derivative. The box was expanded isotropically to a target density, then simulated using MC with box moves for 1.1 × 10 7 -2.4 × 10 7 sweeps. These simulations were run with the same parameters as systems initialized in the diamond assembly phase.
Analysis
Each frame of a simulation was separated into crystal grains using in-house environment-matching algorithms (E. G. Teich, private communication) analyzing the bond angles of each particle with its nearest neighbors and then separating the particles into groups based upon these arrangements. For some simulations, compression and the reduction in symmetry caused the formation of multiple grains within the assembly, and these state points were removed from the results to avoid distorting the influence of these simulation data. We used inhouse software injavis to determine the 8-particle unit cells of all simulation runs. We used the signac framework for all data management [28] .
Simulations in N P T α
We simulated systems of 512 particles with unit volume and constant shape in an N P T α ensemble to generate an equation of state for the given transformation at 35 unitless pressures (= P V k B T with unit volume) between βP = 5-100 and α = 0.4-0.5, with ∆α = 0.01. Additional state points were run for regions of interest and for α = 0.5. Systems were initialized in the tetragonal diamond derivative (c/a = √ 0.4) at maximum density or in their assembled diamond phase at the assembly density, and held at target pressure to equilibrate over 1 × 10 7 -4 × 10 7 MC sweeps. Simulations for shapes of interest (α = 0.5, P = 9.8-10.0) were run with longer simulations and additional state points (up to 10). A minimum of three independent simulations were run for all other state points.
Potential of Mean Force and Torque (PMFT)
For the data shown, we averaged the PMFT values for 150 frames from earlier N V T µ simulations at a range of φ values. The PMFT results were visualized using the Python package mayavi.
Simulations in N V T µ
Alch-HPMC simulations were run in the N V T µ ensemble to find the thermodynamically preferred structure and particle shape. Systems of 512 particles were initialized with α = 1 3 and φ = 0.6 and allowed to equilibrate in shape space. The particles were then compressed isotropically to a target φ ∈ [0.70, 0.95] with ∆φ = 0.05, and allowed to equilibrate using MC box moves and subsequently within shape space. This step was repeated until both structure and shape were at equilibrium. Systems were then decompressed to φ = 0.60 and allowed once again to equilibrate to check for reversibility. A diagram of the simulation protocol can be found in the Supplementary Information.
Calculation of Photonic Band Structure
We computed the photonic band structure for different forms of tetragonal diamond using MIT Photonic Bands (MPB) [22] . This package computes the eigenmodes of Maxwell's equations through conjugate-gradient minimization of the block Rayleigh quotient in a plane-wave basis [22] .
We computed the size and location of all photonic band gaps for all structures computed in N V T α simulations in Fig. 3(b) , including both c/a ratio and lattice vector magnitude (to reflect density). For radius we took the insphere of the respective polyhedra in ∆ 323 and for the dielectric constant we chose 11.56, that of silicon. We computed the irreducible Brillouin zone using the package SeeK-path [29] , an open-source k-space path finder.
Resulting photonic band gaps were normalized by the midgap frequency, consistent with convention.
